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Observation of the visible absorption spectrum of H2 o+ 
Biman Dasa> and John W. Farley 
Physics Department, University of Nevada, Las Vegas, Nevada 89154 
(Received 3 June 1991; accepted 9 September 1991 ) 
The A 2A 1 -X 2B 1 system of H 2 0 + has been observed, using laser absorption spectroscopy in a 
velocity-modulated discharge. A total of78 transitions between 14 794 and 15 475 em_, have 
been observed with an uncertainty ( 1 SD) of 0.02 em- 1, including 76 transitions in the 
(0,7,0)-(0,0,0) band and 2 in the (0,8,0):-(0,0,0) band. This species is important for cometary 
astronomy, and intriguing for molecular physics because of its prominent Renner-Teller 
interaction. Careful measurements were made of the relative intensities of the absorption lines, 
which were measured to an accuracy of 13% (1 SD). This is the first observation of the A-X 
transition in absorption; all previous data were obtained in emission with conventional grating 
spectroscopy. The transition frequencies of our new data are in good agreement with previous 
work, and have improved accuracy. The new data have definite rejection of the interfering lines 
from excited neutral H 2 that plagued previous work. Compared with previous work, the new 
data have the first quantitative measurement of intensities. The ratio of the Franck-Condon 
factors / 8 //7 = 0.99 ± 0.43 has been measured for the first time, where 
I,,= FCF[ (O,v',0)-(0,0,0) ]. 
INTRODUCTION 
The water cation, H 2 0 + , has been studied for a number 
of years by cometary astronomers. It has been observed in 
comet tails, the upper atmosphere, and the laboratory. It is 
an important species for astrophysics, atmospheric sciences, 
and chemistry. In this paper, we briefly review past work on 
this species, describe our experimental apparatus and proce-
dure, present our new data, and compare it with the best 
previous data. 
PREVIOUS WORK ON HzO+ 
Much of the early interest in H 2 0 + came from astro-
nomical observation, often progressing in close association 
with laboratory studies. In 1950 Whipple' proposed that the 
heads of comets consist primarily of solid H 2 0. The cation is 
generated by photoionization of neutral H 2 0 by sunlight. 
The observation of H 2 0 + in comet tails was an important 
confirmation of Whipple's hypothesis. Neutral H 2 0 has no 
electronic emission spectrum because its excited electronic 
states predissociate, and hence detection of the cation is the 
only way, albeit indirect, of detecting the species in visible 
emission. Unidentified features in the spectrum of comet 
Kohoutek, reported by several observers, including Benven-
uti and Wurm/ Herbig,3 and Wehinger and Wyckoff,4 
were tentatively identified as H 2 0 + by Herzberg and Lew, 5 
based on the laboratory observation of the A-X electronic 
emission spectrum by Lew and Heiber.6 A more complete 
report and conclusive identification of H 2 0 + in the spec-
trum of Comet Kohoutek was given by W ehinger eta!. 7 The 
ion was also identified in the spectrum of Comet Bradford8 
and in the upper atmosphere.9 The most detailed laboratory 
study in the visible was reported by Lew, 10 who observed the 
emission spectrum with a conventional grating instrument. 
•) Present address: Chemistry Department, University of Kentucky, Lex· 
ington, Kentucky 40506. 
Experimental studies of the ground electronic state in-
clude photoelectron spectroscopy, 11•12 infrared velocity-
modulation spectroscopy, 13- 16 laser magnetic resonance 
spectroscopy, 17 electron-spin resonance (ESR) in a cryo-
genic matrix, 18 and Coulomb explosion. 19 The lifetime of 
the vibrationally excited ( O,v; ,0) levels of the excited A 2A 1 
state has been measured20 to be 10.5 f.LS for v; = 12-15, cor-
responding to an oscillator strength/~ 10- 3• In addition, 
there have been a number of theoretical studies of the ground 
electronic state,21- 25 
The ground X 2B 1 state of H 2 0 + is sharply bent, while 
the excited A 2A 1 state is quasilinear, with a low barrier to 
linearity. In a linear configuration, there is a double degener-
acy in the electronic state from 1T orbitals. When the mole-
cule bends, it lifts the degeneracy of the 1T orbitals. The re-
sulting electronic potential curve as a function of the bending 
angle is shown schematically in Fig. 1. In both the ground 
and excited electronic states, the potential curve is W-
shaped, with minima corresponding to a bent molecule. The 
two electronic states coincide at the nonequilibrium linear 
configuration.26 This leads to the Renner-Teller interac-
tion, 27 i.e., a strong interaction between the bending vibra-
tion and the electronic motion. Under these circumstances 
the Born-Oppenheimer approximation breaks down, be: 
cause the electronic wave functions are strongly dependent 
upon the bending angle, and vibronic states within the two 
electronic states are strongly mixed. In the excited A state 
the barrier to linearity is low, and therefore only the first few 
vibrational levels will be below the barrier. These levels will 
be strongly perturbed by the Renner-Teller effect, whereas 
above the barrier the energy levels should be much more 
regular. 
EXPERIMENTAL METHOD 
Molecular ions have been relatively poorly explored un-
til recently, in part because conventional absorption spec-
troscopy, which has proven so fruitful for neutral molecules, 
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FIG. 1. Electronic energy levels of the H 2 0 + ion as a function of the bend 
angle. Both the ground X state and the excited A state have W -shaped 
curves. The two electronic energy levels are degenerate when the molecule 
passes through a linear configuration. This produces a breakdown of the 
Born-Oppenheimer approximation via the Renner-Teller effect. 
is difficult to apply to molecular ions. The typical densities of 
molecular ions in a discharge are orders of magnitude lower 
than the densities of neutral_ molecules. Consequently, the 
absorption from ions can be swamped by the much stronger 
absorption from neutrals. 
In 1983, Gudeman et a/.28 introduced the technique of 
velocity-modulation spectroscopy, shown schematically in 
Fig. 2, which allows a high degree of suppression of the inter-
fering neutral signal. The sample is a discharge driven by a 
plasma generator operating at a frequency fin tht: range 10-
100kHz. The audio frequency electric field inside the dis-
charge modulates the velocity of the ions at the discharge 
frequency f. This causes a synchronous Doppler shift in the 
ion absorption signal, producing a dispersion-shaped signal 
which can be detected by a lock-in at frequency f In con-
trast, the neutrals do not experience velocity modulation. 
Instead, they are density-modulated at frequency 2/ and 
ideally produce no signal at frequency f The combination of 
an ac discharge and lock-in detection thus allows a high de-
gree of discrimination in favor of the ions and against the 
neutrals. This technique has been used to measure the spec-
trum of a large number of positive and negative molecular 






FIG. 2. Schematic of the experimental apparatus. A single-mode laser beam 
from a ring dye laser is absorbed by H2 0.,. ions in a velocity-modulated 
discharge. The dual-beam technique provides noise cancellation that is nec-
essary for the observation of signals. 
ions by the research groups headed by Saykally/9 Oka, 30 
Hirota, 31 Blom, 32 McKellar and Amano, 33 and Davies. 34 A 
recent improvement in the velocity-modulation tech-
niques35 has been developed in our laboratory. 
The theory of the resonance line shape in velocity-
modulated spectroscopy has been developed by one of us 
(J.W.F.) and published separately.36 The present paper is 
solely concerned with line centers and intensities; we hope to 
perform a more detailed analysis at a later date. 
EXPERIMENTAL APPARATUS 
The velocity-modulated technique is implemented in 
our laboratory at the UniversityofNevada, Las Vegas with a 
Pyrex discharge tube, 37 cooled by a closed loop of circulat-
ing distilled water, which in turn is cooled by tap water with 
a homemade copper coil heat exchanger. The use of distilled 
water as a cooling medium ts advisable because tap water in 
Las Vegas, drawn from the Colorado River, is extremely 
hard (over 200 ppm as CaC03 ) • Isopropyl alcohol or 
methanol is added to the distilled water to prevent the 
growth of algae. The discharge is driven by an ENI Plasma-
loc PL2 plasma generator and an ENI RS816T impedance-
matching transformer. The stability of the discharge was 
greatly enhanced by the use of a series assembly of seven 
ballast resistors, each 100 W, 1 kD., resulting in 7 kD. for the 
assembly. A 10 D. resistor in the ground line provides a diag-
nostic signal. 
The discharge conditions were varied to maximize the 
signal strength. Optimum pressures of the source gases were 
8-9 Torr He/100 mTorr 0 2 /100 mTorr H 2 • The pressures 
were measured by an MKS Baratron model111A capacitive 
manometer, with a 10 Torr range. The signal was rather 
sensitive to the partial pressures of H 2 and 0 2 • The strategy 
of mixing H 2 and 0 2 to produce H2 0 + was used by Oka 
and co-workers, 14 who reported that a discharge of H2 0 in 
He produces H 3 0 + as the dominant ion, not H 2 0 + . This 
observation is understandable in terms of gas-phase ion-
molecule reactions, because H 3 0 + is a terminal ion, isoelec~ 
tronic to neon, while H2 0 + is an intermediate ion. 
The discharge power supply typically delivered 300-
350 W and 400 rnA current p-p at a frequency of 25 kHz. 
About half the power was dissipated in the discharge. A 
Coherent 699-21 ring dye laser, oscillating on DCM dye, was 
pumped by a Coherent Model Innova-10 Ar + pump laser 
that produced 6 W at a wavelength of 488 nm. The typical 
single-mode ring dye laser power level was 200-500 m W, 
depending on wavelength. The useful wavelength range us-
ing this dye is 625-680 nm, or 14700-16 000 em 1• 
The output of the dye laser was sampled by two beam 
splitters, producing a sample beam that traversed the dis-
charge tube and a reference beam. Both beams fall upon 
silicon Schottky barrier photodiodes (United Detector 
Technology model PIN-10), operated in photoconductive 
mode. Their signals are converted to voltages and amplified 
in a homemade preamplifier, whose circuit is shown in Fig. 
3. The detector/preamp combination has a responsivity of 
2.5 V /mW at 633 nm, and a bandwidth of at least 50 kHz. 
The typical intensity of each laser beam is 2 m W to avoid 
saturating the detector. 
J. Chern. Phys., Vol. 95, No.12, 15. December 1991 
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FIG. 3. Circuit diagram of the photodetector/preamplifier combination. 
The intensity ratio of the two laser beams was adjusted 
using a variable attenuator in the reference beam to produce 
equal signal levels at the input to the lock-in. The signals are 
subtracted and demodulated by a PARC model5209lock-in 
amplifier, whose time constant was typically 1 s. The two 
detectors are mounted in a common aluminum block to 
minimize the temperature differential between the two de-
tectors. This noise subtraction technique38 results in a re-
duction in the noise level by about a factor of 80-100, a factor 
that was essential in order to observe the resonances. Typical 
data are shown in Fig. 4. A typical signal level for a strong 
transition was 100 J..LV p-p, or 16 ppm of the 6 V de level 
from the detector. The noise (typically 2-3 J..LV) arises pri-
marily from uncancelled intensity fluctuations in the dye 
laser. The signal represents an absorption of 100 J..LV /6 
V = 16 ppm over the 80 em path length of the discharge, or 
an absorption coefficient ·of 2 X 10 - 7 em- 1• The· minimum 
detectable signal is 2 J.L VI 6 V or 3 X 10- 7 over the SO em path 
length, or a fractional absorption of 4 X 10 - 9 em - 1• 
Considerable care was taken to measure the intensities 
reproducibly, and to minimize the effects of drifts in dis-
charge conditions. A strong transition, the 523 --:5 15 line in 
the a subband of the (0,7,0)-(0,0,0) band, occurring at 
15 154.88 em -I, was chosen as the reference transition. A 
transition whose intensity was unknown was measured, and 
its intensity ratioed to the reference transition. The reference 
transition was measured before and after the unknown tran-
sition. No more than 30 min elapsed between successive 
measurements of· the reference transition. The unknown 
transition was ratioed to the closest (in time) measurement 
of the reference transition. Thus no more than 15 min sepa-
rate the measurements of the unknown and reference transi-
15154.50 15155.00 
FIG. 4. Typical experimental absorption signal of H2 0 +. 
tion. By repeating intensity measurements on different days, 
and obtaining two, three, or four independent measurements 
of each transitions, we estimate the uncertainty to be 13% ( 1 
SD). This is discussed in more detail below. 
The transitions observed are shown in Table I, which 
also lists the experimental data of Lew. 10 The transitions 
appear in pairs, where the upper (lower) transition, denoted 
F1 (F2 ), corresponds to J = N + l/2 (J = N- l/2). All 
but two of the new data are in the (0,7,0)-(0,0,0) band, in 
which the v2 refers to the bending mode. The two exception-
al data are in the (0,8,0)-(0,0,0) band, which were barely 
accessible in our laser range. 
The uncertainty in the line centers of the new measure-
ment is 0.02 em - 1, limited by the readout of the Burleigh 
wavemeter and the precision in alignment of the beams from 
the ring laser and the wavemeter reference laser. The uncer-
tainty cited in the previous measurement10 was 0.05 em- 1• 
The largest ·deviation between the new and old measure-
.- ~ 
ments is 0.028 em-- 1, and the rms deviation over the data set 




Table I also lists our measurement of the intensities. The 
intensity of each transition was measured more than once 
referencing each to the reference transition as described 
above. Of the 78 transitions listed in Table I, the intensities of 
11 transitions were me.asured twice, 59 transitions were mea-
sured thrice, and 7 transitions were measured four times. 
·This totals 77 transitions, with the last transition being the 
reference transition itself. For each transition, the measure-
ments .were averaged, and the mean and standard devi-
ation39 reported in Table I. 
The standard deviation is listed in Table I in the same 
units as the transition intensity, a relative scale with the in-
tensity of the reference transition arbitrarily set at 100. Be-
cause of our measurement procedure, there is no listing for 
the reference transition itself. Instead, fluctuations in the 
intensity of the reference transition will manifest themselves 
as greater uncertainties in the intensities of other transitions, 
and thus be distributed thoughout the data set. 
More important than the standard deviation as a figure 
of merit is the relative standard deviation, also listed in Table 
I: the standard deviation of a transition as a percentage of the 
intensity of the transition. It denotes the fractional uncer-
tainty with which the intensity of a given transition can be 
. measured. 
In order to examine the quality of the data, a standard 
data set has been compiled by excluding the following from 
Table I: ( 1) the reference transition, because the uncertainty 
in its measurement is not measured directly; (2) all blended 
transitions, because their conclusion would degrade the 
quality ofthe data set; and (3) the two data in the (0,8,0)-
(0,0,0) band, because their intensities are affected by a dif-
ferent Franck-Condon factor. The standard data set con-
tains 31 transitions in the 2: subband and 40 in the a sub-
band. 
Figure 5 shows a histogram of the relative standard de-
. viations_ of the data in the standard data set. Except for two 
J. Chern. Phys., Vol. 95, No. 12, 15 December f991 
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TABLE I. Transition line centers and intensities of~he H2 0 + transitions. The transitions are classified according to subband, with l:, II, l:J., <I> corresponding 
to K ~ = 0, 1,2,3. Even values of vi give rise to II, <1>, ••• sub bands; while odd values of v; give rise to l:, l:J., ••• subbands. Within a subband, each branch is denoted 
by l:J.K., !:J.N,Ka", Kc". Each transition is denoted by N',Ka', Kc'- N" Ka", Kc", whereK. (Kc) refers to the projection of N = J- Supon theA (C) axis in 
the prolate (oblate) limit. 
(0,7,0)-(0,0,0) l: subband 
Line center (em - 1) 
Observed Lower 
This Previous intensities Relative Line" state 
Transition work work" this work uncertaintiesb strength E" (em - 1)d Note 
2m-Ito 15 314.60 15 314.594 10.17 ± 3.0 29.60~ 0.50 41.100 
15 313.16 15 313.173 14.68 ± 4.3 29.36 0.50 42.010 
303 -211 15 321.63 15 321.621 65.99 ± 8.8 13.35 2.96 86.845 
15 320.85 15 320.868 24.75 ± 2.6 10.30 2.96 87.508 
PRI.N-1 404-312 15 325.64 15 325.641 21.81 ± 3.3 14.99 1.46 154.892 
15325.10 15 325.106 16.95 ± 2.5 14.75 1.46 155.516 
5os-4n 15 323.44 15 323.442 46.41 ± 5.8 12.41 5.71 245.235 
15 322.84 15 322.831 57.17 ±5.7 9.88 5.71 244.589 
606-514 15 322.46 15.322.457 17.46 ± 2.0 11.34 2.28 354.940 
15 322.18 15 322.174 20.23 ± 6.0 29.61 2.28 355.631 
1o1-111 15 282.85 15 282.846 79.31 ± 9.5 12.02 4.48 37.188 
15 281.94 15 281.982 30.29 ± 1.8 6.04 4.48 38.010 
202-212 IS 280.62 15 280.628 36.24 ± 1.4 3.89 2.47 75.094 
15 279.58 15 279.589 27.00 ± 2.9 10.59 2.47 75.612 
PQ,,N 303-313 15 276.99 15277.007 130.1 ± 8.1 6.24 10.28 131.478 
15 276.44 15 276.459 100.7 ± 4.3 4.27 10.28 131.899 
404-414 15 274.55 15 274.559. 35.34 ±4.9 13.89 4.33 205.979 
15 274.25 15 274.267 22.54 ± 4.1 18.28 4.33 206.362 
5os-SIS 15 269.21 15 269.218 74.10 ± 1.9 2.55 15.50 298.215 
15 270.10 15 270.105 54.97 ± 2.6 4.64 15.50 298.584 
606-616 15 269.55 15 269.569 31.03 ± 3.2 10.28 5.91 408.216 blend 
15 269.55 15 269.569 31.03 ± 3.4 10.28 5.91 407.850 blend 
Ooo-110 15 261.33 15 261.345 23.72 ± 2.6 11.09 0.99 42.010 
15 260.44 15 260.435 13.40 ± 3.8 28.28 0.99 41.100 
2o2-312 15 200.84 15 200.837 21.62 ± 3.7 17.30 1.95 154.892 
15 199.68 15 199.697 19.37 ± 3.4 17.50 1.95 155.516 
PPI,N-l 303-41J 15 163.89 15 163.894 68.82 ± 9.6 13.95 7.14 244.589 
15 163.12 15 163.127 75.95 ± 9.9 13.01 7.14 245.235 
404-514 15125.62 15 125.607 20.75 ± 2.1 9.93 2.73 354.940 
15 125.08 15 125.074 43.35 ± 3.9 9.04 2.73 355.631 blend 
5os:.:{jls 15 082.80 15 082.801 26.07 ± 5.2 20:06. 8.89 484.628 
15 083.29 15 083.300 26.76 ± 2.0 7.40 8.89 485.391 
606-7 16 15045.19 15 045.205 8.15 ± 1.6 19.02 3.03 632.208 
15 044.79 15.044.794 13.62 ± 6.6 48.46 3.03 633.028 
(0,7,0)-(0,0,0) l:J. subband 
Line center (em I) 
Observed Relative Line Lower 
This Previous intensities uncertaintiesb strengthc state 
Transition work work" this work E"(cm -I)d Note 
2,1-111 15 202.79 15 202.806 83.21 ± 4.37 5.25 4.48 37.188 
15 207.10 15 207.120 42.15 ± 2.02 4.79 4.48 38.010 
rR,,N 322-212 15 219.37 15 219.394 32.39 ± 1.35 4.17 1.65 75.094 
15 222.73 15 222.757 18.42 ± 3.02 16.40 1.65 75.612 
423-3ll 15 234.97 15 234.957 23.30± 3.75 16.09 5.37 131.478 
15 238.42 15 238.429 45.60 ± 3.05 6.69 5.37 131.899 
524-414 15 251.50 15 251.518 17.93 ± 3.96 22.09 1.88 205.979 
15 254.89 15 254.897 12.48 ± 3.49 27.96 1.88 206.362 
YRI,N-1 321-211. 15 207.28 15 207.292 62.54± 5.6 8.95 4.94 86.845 
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TABLE I. (Continued.) 
(0,7,0)-(0,0,0) l: subband 
Line center (em~· 1) 
Observed Lower 
This Previous- intensities Relative Line• state 
Transition work work" this work uncertaintiesb strength E" (cm- 1)d Note 
15 210.22 15 210.247 46.15 ± 8.05 17.44 4.94 87.508 
523-413 15 208.51 15 208.531 . 30.46 ± 3.82 12.54 5.47- 244.S89 
15 211.51 15 21l.S27 27.13 ± 5.99 22.08 S.47 245.235 
321 -3n 15 162.65 IS 162.660 66.82 ± 2.51 3.76 4.6' 131.478 
15 16S.84 15 165.847 51.20 ± 3.13 6.11 4.6 131.899 
rQ,,N 523 -S,s 15 154.88 IS 154.887 10o· e 9.24 298.21S reference 
15 158.15 15 I58.158 82.37 ± 3.45 4.19 9.24 298.584 
624-616 15 150.73 I5 150.746 33.11± 4.14 12.50 3.93 407.850 
15 154.08 15 154.064 23.93 ± 4.86 20.31 3.93 408.216 
221-211 15 153.14 15 153.143 40.12± 5.05 12.59 2.47 86.845 
IS IS7.59 15 157.608 26.44± 4.91 18.57 2.47 87.508 
TQI.N-1 322-312 I5 139.60 15 139.586 21.93 ± 1.61 7.34 1.55 154.892 
15 142.82 15 142.830 25.72± 3.3 12.83 1.55 155.516 
423-413 15121.87. · IS 121.861 28.75 ± 2.86 9.95 7.06 244.S89 
15 12S.08 15 125.074 43.35 ± 3.92 9.04 7.06 24S.23S blend 
524-5,4 15 102.54 15 102.552 16.24 ± 1.99 12.25 3.31 3S4.940 
IS Hi5.61 IS 10S.625 19.71 ± 4.6 23.34 3.31 3SS.631 
221.,-331 14 9Sl.25 14 951.252 92.29 ± 22.85 24.76 7.3S 288.7S7 
14 953.61 14 953.600 35,34 ± 3.79 10.72 7.35 291.565 
PP_cN-> 322-432 14 920.86 14 920.857 23.16 ± 4.02 17.36 2.64 373.6S8 
14 922.42 14 922.441 11.64 ± 3.59 30.84 2.64 375.952 
423-533 14 886.83 14 886.824 18.6 ± 1.04 S.59 8.70 479.658 
14 888.70 14 888.698 29.52 ± 4.I6 14.09 8.70 481.661 
524-634 14 850.92 14 850.925 9.74± 3.30 33.88 3.19 606 .. 602 
14 852.87 14 852.866 9.02± 1.99 22.06 3.19 608.411 
3,,~, 14920.09 14 920.087 49.05 ± 9.66 19.69 8.03 374.086 
14921.40 14 921.412 3S.05 ± 3.80 10.84 8.03 < 376.379 
PPt.N-.\ 422 -S32 14 883.39 14 883.410 12.18 ± 1.21 9.93 3.00 481.310 
14 885.25 14 885.278 10.49 ± 3.24 30.89 3.00 483.298 
523-633 14 841.92 14 841.935 25.15 ± 3.77 14.99 10.13 611.193 
14 843.75 14 843.767 23.73 ± 4.86 20.48 10.13 612.988 
6,4-734 14 794.15 14 794.152 5.13 ± 1.52 29.63 3.74 764.440 
14 796.14 14 796.132 10.4 ± 7 67.31 3.74 766.114 
(0,8,0)-(0,0,0) <I> subband 
Line center (em· 1) Observed Relative Line Lower 
This Previous intensities uncertaintiesb strength' state 
Transition work work" this work E"(cm-')d Note 
7,4-844 IS 474.97 15 474.982 9.45 ± 3.30 34.92 12.45 1050:1 
15 473.61 15 473.615 9.36 ± 3.27 34.94 12.45 1052.4 
"Lew, Ref. 10. Uncertainty is ± 0.05 em--- 1. 
hThe relative uncertainty is the uncertainty in the line intensity as a percentage of the intensity .. 
"The calculated line strength includes the statistical weight, from which the line intensity can be calculated by the inclusion of a Boltzmann factor. From 
Table I of Lew, Ref. 1 I. 
d Lew, Ref. 10. 
• Not applicable because this is the reference line. 
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FIG. 5. Histogram of the relative standard deviations in the standard data 
set. The standard data set consists of all the data in Table I, excluding the 
reference transition, all blended transitions, and the two transitions in the 
(0,8,0)-(0,0,0) band. The relative standard deviation is the standard devi-
ation divided by the intensity of the transition. The abscissa plots the num-
ber of transitions with relative standard deviation in the 0-5% range as 5, 
5%-10% as 10, etc. 
outlying data points, the data appear to be under good sta-
tistical control, with a smooth Poisson-like distribution. The 
median value of the relative standard deviation is 13.35%. If 
the data set is restricted to the ~ subband, the median rela-
tive standard deviation is 13.35%; if the data set is restricted 
to the ll subband, the median standard deviation is 14.5%. 
Since there are no important differences between the two 
subbands, the standard data set combines the two subbands, 
and the recommended value for the data set as a whole is 
13%. 
DETERMINATION OF THE ROTATIONAL 
TEMPERATURE OF THE GROUND STATE 
The relative standard deviation is an index of the repro-
ducibility of the intensity of a given transition. Other infor-
mation requires a different data analysis. If the populations 
in the lower X state are described by a Boltzmann distribu-
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FIG. 6. Boltzmann plot of the intensities of the transitions as a function of 
the energy of the lower state. The ordinate is the In(/ /S), where J is the 
experimental intensity from Table I, and Sis the calculated line strength 
from Lew, Ref. 10. The abscissa is the energy E" of the lower state in wave 
numbers. The data are restricted to the standard data set discussed in Fig. 5 
caption. A least-squares fit to the data reveals the rotational temperature of 
494 ±38 K. 
fexp =A FCFSexp( -E"IkT), (1) 
where A is a normalization constant, FCF is the Franck-
Condon factor appropriate to all transitions within a given 
vibrational band, Sis the calculated line strength (including 
the statistical weights), E " is the energy of the lower state, 
and Tis the temperature. Therefore a plot ofln Uexp/S) vs 
E" yields a straight line whose slope is - 1/ kT. In Fig. 6, we 
have displayed the standard data set, plotting In Uexp/S) as 
a function of E ". The values of the line strength S were re-
ported by Lew10 using the Asymmetric Rotor Program of 
Birss and Ramsay. 40 S includes the statistical weights, and is 
the same for absorption and emission. A standard least-
squares fit to the line 
ln(Jexp/S) =a+ bE", (2) 
with all transitions given equal weight, yields optimized pa-
rameters a = 2. 7896 ± 0.0736 and b = - 0.002914 7 
± 0.000223 em. This yields a temperature T = 494 ± 38 K, 
a reasonable value for a gaseous discharge. 
MEASUREMENT OF FRANCK-CONDON FACTOR 
The extraction of the rotational temperature was per-
formed on the standard data set, which excludes the two 
transitions observed in the (0,8,0)-(0,0,0) band. This was a 
deliberate choice, because there is an additional factor in the 
(0,8,0)-(0,0,0) band, a ratio of Franck-Condon factors. 
The latter two transitions have virtually the same intensity 
and the same energy E ", and hence their average value will 
be used, an intensity of 9.405 ± 35%. The intensity of the 
transitions in the 8-0 band can be combined with the tem-
perature to calculate the ratio of the Franck-Condon Fac-
tors. 
If the Franck-Condon factor for the (0,7,0)-(0,0,Q) 
band, denoted 17 , were the same as / 8 , then the two data 
points for the the 8-0 band would lie on the same curve as the 
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FIG. 7. Measured and calculated intensities for a series of closely related 
resonances for which the intensity varies dramatically with quantum num-
ber .. The data are from the PP,.v .. , series of transitions of the~ subband of 
the (0,7,0)-(0,0,0) band. The cross denotes the experimental intensity, 
while the circle denotes a fitted intensity, which incorporates the calculated 
line strength. The calculation follows the experimental intensities. 
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be obtained by extrapolati.ng Eq. (1) using E " = 1050 
em- 1, obtaining Jexp/S = 0.7628 + 27.7%-21.7%. The 
actual intensity, from Table I, is 9.405/12.45 
= 0.7554 ± 35%. The ratio of the Franck-Condon factors 
is thus / 8 //7 = 0.99 + 0.45- 0.41. In view of the near-
equality of the positive and negative uncertainties, it is rea-
sonable to average the positive-and negative uncertainties to 
obtain 0.99 ± 0.43. This result does not depend upon any 
assumption of equality between vibrational and rotational 
temperatures, because the only temperature that matters is 
the rotational temperature in the ground electronic and vi-
brational state. 
Comparison can be made with the calculation of Lew, 
using an asymmetric rotor computer program of Birss and 
Ramsay.40 A natural test case is a sequence of transitions in 
which the intensities vary dramatically with quantum num-
ber. In Fig. 7 we have plotted the data in the PP,,N-
1 
transi-
tions ofthe ~ subband of the (0,7,0)-(0,0,0) band. The cal-
culated line strengths vary from 0.99 to 8.89, a factor of 9. 
This is thus a fairly stringent test of the calculation. Plotted 
are the experimental intensities, Jexp, marked with a cross 
and a fitted number, /fit defined by /fit = Sexp(a +bE"), 
where Sis the line strength from Table I. Figure 7 shows that 
the calculation follows the experimental numbers quite well. 
This enhances confidence in the calculation incorporated in 
the Asymmetric Rotor Program of Birss and Ramsay. 
In the previous work of Lew, the temperature was not 
under good experimental control. In his subsequent work41 
on D 2 0 + , Lew reported a non-Boltzmannian distribution. 
In general, absorption spectroscopy allows better control 
over the population distribution than does emission spec-
troscopy. 
CONCLUSION 
We have shown that it is possible to observe the absorp-
tion spectrum of an ion that is not a terminal ion, despite the 
weak absorption oscillator strength, and despite the use of a 
relatively noisy dye laser. Accurate measurements were 
made of the relative absorption cross sections. If the absorp-
tion cross section of even a single transition can be measured 
absolutely, then the entire manifold will be known absolute-
ly. We expect to continue this work into the Renner-Teller 
region by continuing our measurements farther to the in-
frared, where conventional emission spectroscopy 10 even-
tually fails because of the large number of lines from excited 
Hz. 
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